This paper describes a computational method to predict the sites on a DNA molecule where imposed superhelical stresses destabilize the duplex. Several DNA sequences are analyzed in this way, including the pBR322 and ColEl plasmids, bacteriophage fl, and the polyoma and bovine papilloma virus genomes. Superhelical destabilization in these molecules is predicted to occur at small numbers of discrete sites, most of which are within regulatory regions. The most destabilized sites include the terminator and promoter regions of specific plasmid operons, the LexA binding sites of genes under SOS control, the intergenic control region of bacteriophage fl, and the polyadenylylation sites in eukaryotic viruses. These results demonstrate the existence of close correspondences between sites of predicted superhelical duplex destabilization and specific types of regulatory regions. The use of these correspondences to supplement string-matching techniques in the search for regulatory loci is discussed.
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In vivo, DNA is constrained into topological domains within which molecular stresses are regulated by imposed superhelicity. Modulation of DNA superhelicity affects diverse biological events, including the initiation of transcription and of replication, transposition, recombination, repair, the uptake of homologous single strands, and the susceptibility of the DNA to damage by ionizing radiation (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Superhelicity is stringently controlled in vivo by enzymatic and other processes (11, 12 ). The in-vivo level of negative DNA superhelicity in prokaryotes varies with growth phase, and also in response to environmental stresses such as increased extracellular osmolarity or the transition from aerobic to anaerobic conditions (13) (14) (15) . The increase in superhelicity induced by these altered conditions mediates the cellular response through the initiation of transcription from specific classes of genes (16, 17) .
Negative DNA superhelicity has long been known to destabilize the helix (18, 19) . Stress-induced duplex unwinding may be involved in the superhelical modulation of specific regulatory events. Strand separation is required for the initiation of transcription and of replication and also may be implicated in transposition, recombination, the increased sensitivity of superhelical DNA to x-ray-induced damage, and other events (2, 7, 8, (20) (21) (22) .
The theoretical analysis of strand separation in superhelically constrained molecules is greatly complicated by the global nature of the constraint and the heteropolymeric character of the transition. Which sites undergo destabilization depends in part on their local sequence attributes, with separation energetically favored to occur at A+T-rich sites under physiological conditions. However, superhelicity globally couples all sites together. Transition at any one site alters its helicity, which, by changing the distribution of superhelicity in the molecule, affects the probability of transition at every other site. Hence the probability of transition of a given site depends not just on its local sequence but also on how it competes with all other possible transitions elsewhere on the molecule.
Accurate statistical mechanical methods have been developed to analyze strand separation in superhelically constrained DNA molecules of kilobase length and specified sequence (23) . These methods calculate the equilibrium (i.e., ensemble average) probability of separation of each base pair in the superhelical molecule, also called its transition profile. The superhelical constraint can be accommodated by three deformations: strand separations, interwinding of the resulting unpaired strands, and residual superhelical deformations. The transition energetics are cooperative and heteropolymeric and include near-neighbor effects in a sequenceaveraged manner. By applying these methods to experimental data from pBR322 plasmid DNA, the values of the other free-energy parameters governing strand separation under the experimental conditions have been determined (19, 24) . When these values are used, the method yields highly accurate predictions of both locations and amounts of separation (24) .
Superhelical stresses also may destabilize duplex regions where the probability of separation remains small. That is, the incremental free energy needed to induce separation in such a region is significantly less than what would be required to separate most other sites in the molecule. This destabilization may be important in the superhelical modulation of regulatory events that involve enzymatic strand separation at specific sites.
In the following section my theoretical methods for analyzing superhelical strand separation are extended to permit the evaluation of the relative amount of helix destabilization experienced by each base pair in the sequence. This method computes the incremental free energy required to induce separation of each base pair in a supercoiled molecule. In later sections several plasmid, bacteriophage, and eukaryotic viral DNA sequences are analyzed to determine how the regions that are predicted to experience superhelical destabilization correspond with regulatory sites.
Computation of Destabilization Profiles
The destabilization experienced by each base pair in a superhelical molecule at equilibrium is evaluated as follows. Let ix index the conformational states in which the base pair at position x is separated. The ensemble average free energy of all these states is given by G(x) = Abbreviation: BPV, bovine papilloma virus.
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where G(iQ) denotes the Gibbs free energy of state ix. Then the incremental free energy G(x) required to separate the base pair at position x is given by [21 where Z is the ensemble average free energy of the equilibrium distribution. The conformational states of the system and their associated free energies are found as before (23, 24) .
The plot of G(x) versus x is called the (helix) destabilization profile. Sites where separation is favored at equilibrium have G(x) < 0, whereas sites where separation is disfavored have G(x) > 0. A region of helix destabilization appears as a location where the transition energy G(x) is reduced. Fig. 1 displays transition and destabilization profiles, both calculated for the same sequence under identical conditions. One sees that the destabilization profile provides a more detailed depiction than the transition profile of the effects of superhelicity on duplex stability.
Helix Destabilization in Superhelical DNAs
ColEl DNA. Fig. 1 shows the computed transition and destabilization profiles for ColEl, an Escherichia coli plasmid containing 6646 bp (25) . Superhelical strand separation is found at two locations, region I, lying between positions 5050 and 5149, and region II, which contains three closely positioned sites: Ila at 6619-101, IIb at 168-273, and Ilc at 319-495. (Unless specifically stated, all sequence intervals are understood to read in the direct sense. Positions of known regulatory sites are indicated on the destabilization profiles.)
The sites experiencing superhelical strand separation in this molecule participate in the regulation of three genes. The cea (i.e., colicin El) and kil genes constitute a single operon whose mRNA spans positions 5056-585 on the direct strand. The imm coding region lies between positions 409 and 59 on the complementary strand. Expression of the cea-kil operon is under SOS control. Its LexA repressor binding site, shown as P in Fig. 1 , lies within destabilized region I. The cea-kil operon has two alternative termination sites, Ti and T2 (26) . Ti is a p-dependent terminator located at positions 85-124, while T2, at positions 594-622, is a p-independent terminator in vitro (25) . Only the cea gene is expressed when transcrip- Sequence Location (kb) tion terminates at Ti, whereas termination at T2 allows expression of both cea and kil. Ti overlaps the most destabilized region, IIa, whereas T2 starts 100 bp beyond region lIc. The numerous other genes and open reading frames in ColEl, as well as its replication primer coding sequences and origin of DNA synthesis, show no correlation with the regions found here to be susceptible to stress-induced helix destabilization (25) . The shift of this organism from aerobic to anaerobic conditions has been shown to cause an increase in its chromosomal DNA superhelicity (14) that mediates expression of cea (17) . The crucial event in the activation of SOS-regulated genes is the formation of a complex between the DNA, a nucleoside triphosphate, and the RecA protein, which is responsible for releasing the LexA repressor from the operator. Complex formation is facilitated by the presence of single-stranded DNA to which RecA may bind (27) .
pBR322 DNA. Superhelical strand separation in the pBR322 DNA sequence has been extensively studied, both experimentally and theoretically (19, 23, 24) . The calculated destabilization profile for this sequence is shown in Fig. 2 . A major separated site occurs at positions 3162-3329, with a minor region of separation at 4138-4257. These results agree in detail with the sites of single-strand-specific endonuclease cleavage, found by Kowalski et al. (19) to occur in the regions 3180-3305 and 4133-4252. In addition, the flank ofthe minor site at positions 4289-4333 is predicted to experience significant destabilization.
The major and minor separation sites occur at the terminator and the promoter regions ofthe amp gene, respectively. The promoter for the RNA primer lies within 50 bp of the major separation site. No helix destabilization is associated with the initiation site for DNA synthesis or with sites regulating transcription of RNA-1, the tet gene, or the rop gene.
The rate of mRNA synthesis from the amp gene has been shown to increase with superhelicity, achieving a maximum at approximately physiological superhelix densities (28) . In contrast, tet mRNA synthesis decreases with superhelicity.
Bacteriophage fl. The filamentous bacteriophage fl encapsidates a single-stranded circular DNA genome of 6407 nucleotides (29) . A complementary (-)-strand is synthesized after infection, and the resulting supercoiled duplex is the template both for (+)-strand synthesis and for transcription. The fl genome consists of 10 genes, all on the direct strand, with two intergenic regions (30) . The long intergenic control region from 5500 to 6006 contains the origin of complementary strand synthesis, a strong in vivo p-dependent terminator, and the promoter for the genes involved with DNA synthesis. The region 5766-5909 forms the active replication origin. Initiation of (+)-strand DNA synthesis requires nicking of the superhelical duplex by the gene II product, which occurs between positions 5780 and 5781 (31) . The short intergenic region 1522-1579 contains the promoter for the minor virion protein genes and a strong p-independent terminator. Three other in vivo promoters and a weak p-dependent terminator are known to occur within the coding regions of the genome (30). The transition profile (Upper) shows p(x), the ensemble average probability that the base pair at position x will occur in the strandseparated state. The destabilization profile (Lower) shows G(x), the incremental free energy needed to separate the base pair at position x. In all destabilization profiles reported in this paper, promoters and terminators are denoted by P and T, respectively. Here Ti and T2 are the alternative termination sites for the cea-kil operon. All calculations reported in this paper use the free-energy parameters appropriate to the experimental conditions of Kowalski et al. (19) as analyzed in ref. 24 . Biophysics: Benham Fig. 3 shows the destabilization profile calculated for the bacteriophage fl DNA sequence, annotated with its known regulatory sites. The two regions where significant separation occurs are region I, spanning positions 4139-4313, and region II, at positions 5853-5997 within the long intergenic control region. Region I abuts an in vivo promoter at 4111. Region II overlaps the 3' part of the replication origin, lies -250 bp downstream from the p-dependent terminator after gene IV, and includes the strong promoter. Eight other regions of significant helix destabilization also are seen. The destabilized site at 1547-1630 overlaps the small intergenic region and includes both the terminator and the promoter found there. Four other destabilized sites occur at in vitro promoters, denoted by p in Fig. 3 . The third most destabilized site is at 3860-3972, near a weak in vivo promoter. Two other marginally destabilized regions, 4392-4479 and 4576-4744, do not correlate with known functional sites (30) . In summary, the three known in vivo terminators lie within or near sites where stress destabilizes the duplex. The replication origin overlaps one of the most strongly destabilized locations. Three of the five known in vivo promoters and the four known in vitro promoters occur at sites of destabilization.
Polyoma DNA. Polyoma virus has a circular duplex genome of 5297 bp (32) . The coding regions, comprising >90%o of the genome, are transcribed bidirectionally from a unique noncoding control region. The early genes are transcribed from the direct strand, terminating at either of two polyadenylylation sites. The major site is at position 2897, and the minor site is at 1497. The late genes are transcribed in the complementary direction and the transcripts are polyadenylylated at position 2927 (33) . The viral control region, found at positions 5000-174, contains promoters for the early and late genes, an enhancer at 5021-5264, and the origin of replication in the region 5039-90.
The computed destabilization profile for this molecule is shown in Fig. 4 . The site most susceptible to transition lies between positions 2829 and 2984, coinciding with the late and the major early polyadenylylation sites (M). The second most susceptible site is at 1446-1554, spanning the minor early polyadenylylation site (m). Destabilization also occurs at positions 5235-5291, which includes the A+T-rich part of the core region of the origin of replication (OR) and the late gene promoters.
Bovine Papilloma Virus Type 1 (BPV-1). Papillomaviruses have double-stranded circular genomes that encode eight known early genes and two late genes (34 tary strand, all known transcription is from the direct strand (34) .
The computed destabilization profile for the BPV-1 DNA sequence is shown in Fig. 5 . The major site of separation occurs in the region 7023-7198, which constitutes the 5' portion of the upstream control region. It spans or overlaps several regulatory regions including the late-gene polyadenylylation site, the replication origin, negative control of replication region I (6950-7355), the promoter for the RNA start site at 7185, the 3' region of the late-gene promoter, and a constitutive enhancer (7143-7275), and it abuts an enhancer responsive to the E2 gene product that is located at 7200-7386. The second most destabilized region, at 2020-2150, correlates with no known functional site, although it has the characteristics of a polyadenylylation site for transcription from the complementary strand, as described below. However, the third most destabilized site, 4030-4146, lies within 50 bp of the early polyadenylylation site.
Helix Destabilization and Regulation
This analysis finds that superhelical duplex destabilization in the molecules examined is predicted to occur preferentially at discrete sites that serve specific regulatory functions. Here we examine several of these associations in greater depth.
That stress-induced strand separation occurs at the ColEl cea-kil operon promoter suggests that superhelical destabilization of the LexA binding site also may be an attribute of other SOS-regulated genes. To evaluate this question, computations have been performed to determine sites of stressinduced helix destabilization for every SOS-regulated gene whose upstream promoter region and coding sequence were in the GenBank database (release 73). The sequences examined were the uvrA gene, recA gene, ruv operon, lexA gene, umu operon, and a partial dinA gene sequence from E. coli and the mucAB operon from the pKM101 plasmid. The LexA binding site was annotated in four cases and found by searching for the consensus SOS-box sequence in the others. In all cases but one the LexA binding site was observed to occur within the most destabilized region in the sequence. An example is shown in Fig. 6 , the transition profile computed for the E. coli uvrA gene sequence (3205 bp). Its LexA binding site is at positions 155-170, precisely the most destabilized site in the sequence. The exceptional case is the E. coli umu operon, where the LexA binding site was found to lie within the second most destabilized region. These observations suggest that superhelical destabilization of the LexA binding site may be involved in the mechanism of SOS gene induction. If so, then modifications of the DNA sequence around the LexA binding region which decrease or eliminate its propensity to separate when stressed could inhibit or destroy its SOS activation.
Several prokaryotic operons analyzed here have sites of predicted destabilization both at their promoters and at or near their terminators. Examples include the amp gene of pBR322 and the imm gene, cea gene (if termination occurs at T1), and the cea-kil operon (if termination is at T2) of ColEl. Other transcription units found on the same molecules do not have stress-destabilized promoters or terminators. In the examples found here one sees that for a given transcription unit, either both the promoter and a site near the terminator are susceptible to separation or neither one is. This analysis suggests the existence of a class of prokaryotic transcription units that are bracketed by destabilized regions. Moreover, with the possible exception of the imm gene, whose regulation is not well understood, transcription from these bracketed operons increases with imposed superhelicity (17, 28) .
If bracketing by destabilized regions plays a role in the observed dependence on superhelicity of the transcription rates from these genes, then several testable consequences follow. Sequence alterations that reduce or eliminate the propensity of the promoter and/or terminator regions to separate when stressed could alter the dependence of transcription rate on superhelicity from the genes involved. Conversely, by bracketing a gene not of this class with upstream and downstream separating regions having the appropriate sequence, it may be possible to induce a dependence of transcription rate on superhelicity for genes that originally did not have this attribute.
Bracketing by destabilized regions cannot be the only way in which superhelicity influences prokaryotic gene expression. The promoters controlling synthesis of the ColEl replication primer RNA I and its inhibitor RNA II are known to be affected by supercoiling (25) , although they are approximately 150 and 300 bp, respectively, away from the nearest destabilized site.
Stress-induced helix destabilization in the eukaryotic viral DNA sequences examined here occurs primarily at polyadenylylation sites and secondarily in the control regions containing promoters, enhancers, and replication origins. The association between polyadenylylation sites and destabilized regions is particularly strong. All polyadenylylation sites in polyoma DNA are found at or very near the two most destabilized regions of the molecule. All known polyadenylylation sites in BPV-1 DNA occur at two of the three most destabilized regions. Moreover, the only highly destabilized region not associated with a known polyadenylylation site, at positions 2020-2150 in BPV-1, contains the sequence AATAAA at positions 2087 and 2144 on the complementary strand. This sequence must be present 20-30 bp upstream from a putative RNA cleavage site for polyadenylylation to occur. Hence this destabilized site also has the sequence attributes to be a polyadenylylation site for transcription from the complementary strand. The association of destabilized regions with replication origins varies with the mechanism of replication. Both eukaryotic viruses examined have significant destabilization at their replication origins. Phage fl is maximally destabilized near the gene II product cleavage site. This cleavage event initiates complementary strand synthesis and requires substrate superhelicity. The destabilized region includes parts of the replication origin that are known to be essential for function. The plasmids pBR322 and ColEl both replicate by a priming mechanism involving DNA strand displacement by a short RNA primer. In both sequences the site of displacement is not significantly destabilized. This suggests that strand displacement events may not be facilitated by duplex destabilization.
More quantitative evaluations of correlations between destabilization and specific regulatory sites will be possible once additional sequences have been analyzed.
Searching Sequences for Regulatory Regions
Current techniques to search DNA sequences for regulatory regions are based on finding local strings (such as TATA boxes or AATAAA polyadenylylation signals) whose presence correlates with activity. These searches typically produce lists of possible sites, only a small fraction of which prove to be active. The present results suggest that specific physicochemical attributes, in this case stress-induced destabilization, also are associated with certain regulatory activities. Knowledge of these associations permits the development of computational methods to search DNA sequences for the corresponding types of regulatory regions. Lists of candidate sites produced by string searches then can be sieved by assessing which locations having sequence characteristics necessary for function also have the associated physicochemical attribute.
As an example, consider polyadenylylation sites in eukaryotic viruses. The BPV-1 DNA sequence contains nine occurrences of the polyadenylylation signal AATAAA. Six of these are at the three strongly destabilized regions in the molecule (positions 4179, 7091, and 7155 on the direct strand and 2082, 2139, and 7193 on the reverse strand). Polyadenylylation is observed at positions 4197 and 7175 on the direct strand, roughly 20 bp downstream from the signal sequences at positions 4179 and 7155. The correlation of function with destabilization in this case pares down the list of possible sites from nine to six without eliminating any active sites. Moreover, the fact that sites having both the sequence and destabilization correlates of polyadenylylation signals are present on the complementary strand suggests that it also might be transcribed.
As a second example, every SOS-regulated gene analyzed in this study displayed strong destabilization of its LexA binding site. A search of the GenBank database found >100 E. coli sequences that contained sites whose local sequences were consistent with LexA binding. The analysis of this collection of candidate LexA binding sites to determine which also are susceptible to destabilization could suggest whether other genes also might be under SOS control.
Discussion
In this paper several DNA sequences were analyzed by using a theoretical method for predicting the sequence-dependent helix destabilization induced by superhelical stresses. It was found that significant destabilization is limited to small numbers of specific locations. A complex relationship was found between local A+T-richness and the propensity to separate when stressed. Whether a given region separates depends not just on its local sequence but also on how effectively transition there competes with transition at all other sites on the molecule. For example, the longest run of ANT base pairs in polyoma DNA starts at position 121. Fifteen out of 16 bp are A-T, with 10 in a row. Yet this site is not contained in any of the 10 most destabilized regions in that molecule.
The predicted destabilized sites have been shown to occur preferentially at specific regulatory sites. All the repressor binding sites of SOS-regulated genes whose sequences were analyzed were found to be strongly destabilized. All known polyadenylylation sites in the eukaryotic viral sequences examined occur at or very close to four of the five most destabilized sites on these molecules. The fifth destabilized site contains the polyadenylylation signal sequence, suggesting that it also may be active. The relative strengths ofthe two early-gene polyadenylylation sites in polyoma vary with the amounts of destabilization they experience. More complex associations with other types of regulatory signals, such as viral control regions and replication origins, also are suggested by the data.
The observed close associations between stress-destabilized sites and specific regulatory regions strongly suggest that their mechanisms of activity may involve duplex destabilization. It is also possible that the presence of destabilized regions at particular sites may serve to protect other parts of the molecule that must remain in the duplex form to function. Experiments must elucidate the roles of stress-induced destabilization in the regulatory events which have produced the presently noted correspondences.
A minority of the destabilized sites found here do not correlate with known regulatory regions. This could be because the activities of certain regions have not been observed yet. Alternatively, some superhelically destabilized sites in genomic sequences might have arisen at random and then not have been selected against. However, the strong associations noted here suggest that random events probably account for only a small number of weakly destabilized sites.
DNA superhelicity is known to induce interactions between sites that are widely separated in the sequence. One way this can occur is through bending that brings the regions involved into physical contiguity. The ability of sites remote in the sequence to interact through the superhelical coupling of their transition behaviors provides a second possible mechanism for this phenomenon.
The stresses inducing helix destabilization (or other transitions) may be affected by other factors in addition to superhelicity. Stresses could be regulated in vivo by local motions of nucleosomes or by alterations in their structure or their binding to DNA. Binding of other molecules also may alter the stresses imposed on the DNA. In contrast to the global constraint of superhelicity, these other mechanisms may regulate stresses over relatively small distances, possibly as small as a single linker region. Factors that modulate local stresses would have a correspondingly local effect on duplex stability. However, the relative susceptibilities to separation of the base pairs within a stressed local site would be similar to those found here. The strong associations that are documented between destabilized regions and specific regulatory sites clearly indicate that sequence-dependent helix destabilization may be important in the functioning of these regions, whatever the mechanism by which the destabilizing stresses are imposed.
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